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(54) Method and apparatus for producing oxide series single crystals 



(57) When producing an oxide-series single crystal 
by continuously pulling downwardly by pulling down 
method, the composition of the single crystal can prop- 
erly and quickly controlled to continuously produce the 



single crystal of a constant composition by changing the 
pulling rate of the single crystal. Preferably, the pulling 
rate is 20-300 mm/hr. and the pulling rate is decreased 
with the proceeding of growing of the single crystal. 
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Field of Xhe Invention 

The present invention relates to a method and apparatus for producing oxide-series single crystals. 
Related Art Statement 



According to conventional TSSG method, when growing a KLN (potassium lithium niobate KgLia.axNbs^Pis^, 
hereinafter referred to as KLN) oxide or the like oxide having a composition of solid solution, single crystals of homo- 
qeneous optical properties were difficult to produce for the sake of subtle variation of composition of the growing single 
crystal depending on raw material composition and growing condition. Recently, as a method of growing oxide-series 
15 single crystals, a so-called pulling down method" for growing single crystal fibers has attracted attentions. Details 
of growing single crystal fibers by the u pulling down method were described in -DENSOUKEN News", September, 
[5221, pp 4-8, July, 1993. ^ . . 

Growing of a KLN single crystal from a melt of niobium oxide, potassium carbonate and lithium carbonate and a 
theoretical study of a relation between the grown KLN single crystal composition and second harmonic phase-matching 
20 wavelength referring to change of lattice constants, were reported in "HIKARI GIJYUTSU KONTAKUTO (Optical and 
electro-optical engineering contact)". 33, [7], (1995). In the report, phase matching was attained at a wavelength of 
830 nm when the single crystal has 51 mol% of niobium in the composition, while phase matching was obtained at a 
wavelength of 880 nm when the single crystal has 53 mol% of niobium in the composition. In this way phase matching 
wavelength was shown to change depending upon the composition of the single crystal. More concretely, with the 
2S increase of niobium content by 1 mol%, SHG (second harmonic generation) phase matching wavelength was shifted 
to a longer wavelength side by 25 nm. Also, It was shown that, in order to control the SHG phase matching wavelength 
within a range of ± 1 .0 nm, the composition of KLN single crystal has to be controlled within a range of ± 0.04 mol /». 

In addition, when growing a KLN single crystal at a growing rate of about 6 mm/Tir in the pulling down method 
a tendency was observed that a phase matching wavelength of the single crystal was shifted to a shorter wavelength 
30 side with the progress of growing as reported in "the 39th JINKOU KESSYOU TOURONKAI". October 17, 1 994. This 
is considered due to the followings. As seen from the phase diagram of KLN, single crystal of a higher niobium content 
than that of the melt in the crucible is continuously grown, so that niobium content in the melt is gradually decreased^ 
Accompanying with the decrease of niobium content in the melt, niobium content in the grown single crystal is decreased 
to shift the phase matching wavelength to a shorter wavelength side. Therefore, In the ^ pulling down metbod. contin- 
35 uous growing of the single crystal having target optical properties, particularly a phase matching wavelength, was 

difficult to achieve. ,, • ,■ 

Thus when producing a material for elements for a second harmonic generation or a solid laser, a small variation 
of composition of the single crystal results in a noticeable variation of property of the produced single crystal to produce 
unacceptable products. Therefore, variation of composition of the single crystal has to be prevented as far as possible, 
40 when continuously pulling down the single crystal. 

Summarv of the Invention 

An Object of the present invention is to control the composition of oxide-series single crystals when continuously 
45 producing the single crystals by the p. pulling down method. . , ^. 

The first aspect of the present invention is a method for producing an oxide-series single crystal including a step 
of continuously pulling downwardly a melt ot raw material of an oxide-series single crystal from a crucible containing 
the melt by the pulling down method, and changing the pulling rate of the oxide-series single crystal to control the 

composition of the single crystal. ... 
50 The second aspect of the present invention is an apparatus for continuously producing an oxide-series single 

crystal by the u pulling down method, comprising a crucible for receiving a melt of raw material of an oxide-series single 
crystal a supplying device for supplying the raw material in the crucible, a driving device for vanably changing the 
pulling rate of the melt from the crucible to form the oxide-series single crystal and growing the single crystal, an 
analyzing device for analyzing change of composition of the oxide-series single crystal under growing, and a treating 
device for changing the pulling rate of the single crystal by the driving device depending on the analyzed change of 
composition of the single crystal. 



55 



BNSDOCID: <EP 0763610A2J_> 



2 



EP 0 763 610 A2 



Brief Description of the Drawings 

For a better understanding of the present invention, reference is made to the accompanying drawings, in which; 

5 Fig. 1 is a characteristic graph showing a relation between SHG phase matching wavelength of a KLN single crystal 

and niobium content in the single crystal; 

Fig. 2 is a (K, Li)-Nb binary phase diagram showing a case of growing a single crystal from the melt of a composition 
having a niobium content of 50.0 moI%; 

Fig. 3 is a (K, Li)-Nb binary phase diagram showing a case of growing a single crystal from the melt of a composition 
fo having a niobium content of 48.0 mot%; 

Fig. 4 is a {K, Li)-Nb binary phase diagram showing a case of growing a single crystal from the melt of a composition 
having a niobium content of 46.0 mol%; 

Fig. 5 is a (K, Li)-Nb binary phase diagram showing a case of growing a single crystal from the melt of a composition 
having a niobium content of 52.0 mol%; 
^5 Fig. 6 Is a graph for illustrating an embodiment of analyzing intensities of light beams having wavelengths of - 

by a spectrum analyzer; 

Fig. 7 is a graph for illustrating an embodiment of measuring the intensities o1 light beams having wavelengths at 
the both sides of a target wavelength X^; 

Fig. 8 is a schematic block diagram showing an embodiment of the single crystal producing apparatus according 
20 to the present invention; 

Fig. 9 is a schematic block diagram of an embodiment of the single crystal growing apparatus according to the 
present invention; 

Figs. 1 0a and 1 0b are respectively a schematic cross-sectional view of the lower end portion of the nozzle portion 
29 of the present single crystal-producing apparatus; and 
2S Figs. 11a, lib and 11c aro rcspoctively a schematic graph for showing a shape of the crucibie and the nozzle 

suitable for growing the single crystal plate. 

Numbering in the Drawings 

30 1A, IB, 1C. 2A, 2B. 2C, 3A. 3B. 3C, 4A, 4B, 4C. 4D ... imaginary line for explaining a change in the composition 

of single crystal 

5A ... temperature measuring device 
5B ... temperature measuring device 
5C ... temperature measuring device 
35 5D ... temperature measuring device 

5E ... temperature measuring device 
- 6 ... camera 

7 ... monitor 

8 ... terminal device 
^0 9 ... controlling device 

10 ... inner space 

11 ... crucible 

12 ... oxide-series single crystal 

13 ... analyzing device 
45 14 ... cutter 

15 ... seed crystal 

16 ... cutting portion 

17 ... transferring device 

1 8 ... inner space 

50 1 9 ... raw material supplying device 

19a ... inlet hole 

20 ... upper furnace 

21 ... lower furnace 
22A ... heater 

55 22B... heater 

23 ... analyzing device 
50 ... single crystal 



BNSDOCID: <EP 076361 0A2J.> 



3 



EP0 763 610 A2 



Detailed Description of the Invention 

The inventors have found a method which can be used for continuously pulling downwardly a single crystal fiber. 

while maintaining the composition thereof constant. That is, the inventors have made a finding reaching to the present 
5 invention that the composrtion of the oxide-series single crystal can be controlled by changing the pulling rate of the 

single crystal at the time of continuously pulling downwardly and growing the single crystal from the melt of the raw 

material of the single crystal in the crucible. 

More concretely explaining, a highly precise driving device for pulling downwardly the single crystal, and a furnace 

body which can precisely control the temperature of the single crystal, are arranged in the present growing apparatus. 
10 A platinum crucible is arranged in such a highly precise single crystal growing apparatus for growing the single crystal. 

If the pulling rate of the single crystal from the crucible was set in a range of 20-300 mm/hr and the temperature condition 

was optimized a stable meniscus was formed at the solid phase^iquid phase interface (meniscus) to afford continuously 

growing of the single crystal. A relation between the pulling rate and the phase-matching wavelength of the KLN single 

crystal was measured to find a correlation as shown in the following Table 1. 
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The composition of the KLN single crystal grown as described above was analyzed. As a result, rt was found that 
the phase matching wavelength of the KLN single cystal varies largely depending on niob.um '^^"tent has a 
correlation therebetween as shown in Fig. 1 . Though the tendency per se shown in Fig. 1 is the same as tha heretofore 
known, the inventors have discovered that the values thereof are somewhat different from those hereto ore known 
s values These data will be explained below. In Table 1 , the abscissa expresses composition of the melt, while the 
ordinate expresses pulling rate. The abbreviations "po." and "NS." will be explained later. ,. ^ ^ 

A raw material having a typical or fundamental KLN composition of K:Li:Nb=30:20:50 mol ratio was melted, and 
growing of the single crystal from the melt of composition was tested. Phase matching wavelength of the KLN s'ngle 
crystal was 920 nm when the pulling rate was 40 mm/hr. around 870 nm when the pulhng rate was 80 mm/hr and 
10 around 840 nm when the pulling rate was 120 mm/hr. It was discovered that the phase matching wavelength was 
shifted to the shorter wavelength side by increasing the growing rate, as seen from the above. 

Next, a raw material having a KLN composition of K:Li:N=30:1 9.5:50.5 mol ratio was melted ancl growing of the 
single crystal from the melt of composition was tested. As a result, phase matching wavelength of the KLN single costal 
was 940 nm when the pulling rate was 40 mm/hr, around 890 nm when the pulling rate was 80 mm/hr, and around 860 
IS nm when the pulling rate was 1 20 mm^ir. It was discovered that the phase matching wavelength was shifted also to 
the shorter wavelength side by increasing the growing rate, as seen from the above. Also, it was found that, as conripared 
wrth the above fundamental composition, the phase matching wavelength was shifted to the longer wavelength side 
bv 20 nm by increasing the niobium content by 0.5 mol%. ^ 
AS seen from these results, the SHG phase matching wavelength was shifted to the longer wavelength side by 40 
20 nm when the niobium content was increased by 1 mol%. Explaining otherwise, this indicates a necessity of controlling 
the composition within a range of ± 0.025 mol% in order to control the SHG phase matching wavelength within a range 
of + 1 0 nm This indicates a necessity of a more strict controlling of composition than that known by prior findings. 

"a' test was made of melting a raw material of KLN of a composition of K:Li:Nb=30:20.5:49.5 mol ratio to form a 
melt and growing a KLN single crystal from the melt. As a result, the phase matching wavelength of the KLN single 
25 crystal was 900 nm when the pulling rate was 40 mm/hr, around 850 nm when the pulling rate was 80 ^nm/hr and 
around 820 nm when the pulling rate was 1 20 mmAir. It was discovered that the phase matching wavelength is shifted 
also to the shorter wavelength side by increasing the growing rate, as seen from the above. Also, it was found that, as 
compared with the above fundamental composition, the phase matching wavelength was shifted to the shorter wave- 
length side by 20 nm by decreasing the niobium content by 0.5 mol%. , ,^ ^, ^.^^.^ 
30 Summing up these results, as regard the melt composition, the phase matching wavelength of the KLN single 
crystal was shifted to the longer wavelength side by 40 nm when the niobium content is increased by 1 mo /o. In the 
vicinity of the fundamental composition, the phase matching wavelength was shifted to the shorter wavelength side by 
around 50 nm when the pulling rate was increased to 80 mm/hr from 40 mm/hr. and the phase nnatching wavelength 
was shifted to the shorter wavelength side by around 30 nm when the pulling rate was increased to 120 mm/hr from 
35 80 mm/hr The other portions of Table 1 indicates the similar meanings. 

The inventors presumed the reason of such a phenomenon as follows. Fig. 2 is a (K, Li)-Nb binary phase diagram 
showing a case of growing the single crystal from the melt of a niobium content of 50 mol%. In case of growing the 
oxide-series single crystal like KLN having a composition of a solid solution by ^ pulling down method composition of 
the oxide-series single crystal changes depending on the pulling rate of the single crystal from the melt of a composition. 
40 For instance, at a pulling rate of 30 mmAir the single crystal composition changes as shown by the line 1 A in Fig. 

2 to provide a KLN single crystal having a niobium content of 54.5 mol% and a phase matching wavelength o 940 nm. 
Next if a pulling rate of SO mm/hr is adopted, the single crystal composition changes as shown by the line B in F,g. 
2 to provide a KLN single crystal having a niobium content of 53 mol% and a phase matching wavelength of 870 nm. 
The reason why the lines 1 A and IB change depending on the pulling rate is that the cooling ,s effected in a shorter 
45 lime if the pulling rate is faster even though the compositions thereof are same, so that practical cooing rate becomes 
large to grow a KLN single crystal having a composition which is more close to the composition of the melt. 

Therefore the single crystal composition is influenced by the shape of the crucible, the amount of the mel^ the 
stale of the interface between the solid phase and the liquid phase and the method of controlling the stale, etc. There- 
fore even when the composition and the pulling rate of the melts are same, the phase matching wavelengths of the 
so grown single crystals are observed to vary within ± 1 0 nm. However, when a same apparatus for growing was used 
having the same furnace body and the same crucible shape, the variation of the phase matching wavelengths became 
within ± 0.5 nm giving a very highly reproducible result. ^ ,■ c „ o howir^r, a 

If the growing rate is increased to 120 mm/hr, a single crystal is grown as shown by the line 1C in Fig. 2 having a 
niobium content of around 52 mol% and a phase matching wavelength of 840 nm. , , . ^■ 

ss Fig 3 is a (K. Li)-Nb binary phase diagram showing a case of growing a single crystal from the melt of a niobium 

content of 48 0 mol%. For instance, at a pulling rate of 30 mm^ir the composition of the melt changes as shown by 
the line 2A in Fig. 3 to give a KLN single crystal having a niobium content of 53 mol% and a phase matching wavelength 
of 880 nm Next if a drawing rate of 80 mm/hr is adopted, the composition of the melt changes as shown by the line 
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2B in Fig. 3 to give a single crystal having a niobium content of around 51 .5 nnol% and a phase matching wavelength 
of 820 nm. 

Until the pulling rate does not exceed 120 mnn/hr. the growing of a good single crystal was possible. However, if 
the pulling rate exceeds 120 nnnn/hn the growing of a good single crystal became impossible. This is because, at a 
s growing rate (aster than the line 2C in Fig. 3. the composition of the single crystal appears in a KLN-Li3Nb04 coexisting 
region so that it was polycrysiallized. In the above Table 1, such a region was expressed as "po" (polycrystal). 

Fig 4 IS a (K Lii-Nl3 binary phase diagram showing a case of growing a single crystal from the melt of a niobium 
content of 46 0 mol°o For instance, at a pulling rate of less than 10 mnVhr as put into practice in the aforedescribed 
referential documcnl, the composition of the melt changes as shown by the line 3A in Fig. 4 to give a KLN single crystal 
10 having a niobium content of 53 rr\o\% and a phase matching wavelength of 870 nm. Next, if a pulling rate of 30 mm/ 
hr is adopted the melt composition changes as shown by the line 3B in Fig. 4 to give a single crystal having a niobium 
content of 52 mol"o and a phase matching wavelength of 830 nnn. 

Until the puling rate does not exceed 50 mm/hr, a good single crystal could be grown. However, if the pulling rate 
exceeds 50 mm/hr the growing rate became faster than that shown by the line 3C in Fig. 4, and the composition 
15 appeared in a KLN-Li3NOb3 coexisting region to give a polycrystalline. 

Fig. 5 IS a (K Lii-Nb binary phase diagram showing a case of growing a single crystal from the melt of a niobium 
content ot 52 0 nnol% For instance, in the case shown by the line 4A in Fig. 5, the niobium content in the single crystal 
becomes 55 mol°o or more, so that an orthorhombic single crystal not having an SHG activity can be obtained. In the 
above Table r such a region was expressed as "NS" (NO SHG). When a pulling rate of 80 mm/hr was adopted, the 
20 melt composition changed as shown by the line 4B in Fig. 5 to give a KLN single crystal having a niobium content of 
54.5 mol% and a pfiase matching wavelength of 920 nm. Next, if a pulling rate of 160 mm/hr was adopted, the melt 
composition changed as shown by the line 4C in Fig. 5 to give a single crystal of a niobium content of 53 mor/o and a 
phase matching wavelength of 670 nm. If a pulling rate of 300 mm/hr was adopted, a single crystal having a phase 
matching wavelength of 830 nm and a niobium content of 52 mol% which is substantially the same with the initial 
25 composition of the melt was obtained. 

By changing the composition and drawing rate of the melt as described above, a KLN single crystal could be 
produced from a melt of a composition of a niobium content of 45-54 mol%. Particularly by changing and controlling 
the pulling rate within a range of 10-300 mm/hr, KLN single crystals of a respective target composition can be produced 
and KLN single crystals having preferably an SHG phase matching wavelength can be grown. 
30 Based on the above findings the inventors have reached to a conception of controlling the composition of oxide- 

series single crystals by changing the pulling rate of the single crystal at the time of continuously pulling and growing 
a melt of raw material of the single crystal from the crucible. By so doing, a precise controlling of the composition of 
the oxide-series single crystals became possible for the first time during the process of growing the oxide-series single 
crystals by [i pulling down method. Therefore, the present invention is very important in the technical fields necessitating 
35 mass production of the oxide-series single crystals and precise control of composition of the single crystals. 

The inventors have also studied on growing of respective single crystal of KLTN namely (K3Li2.2x(TayNbi.y)5^J 
Oi5^j(, Ba^.^Sr^^NbgOg, LNT namely [LiNb|.xTax03], etc to obtain the similar results as described above, and found out 
that very satisfactory results can be obtained particularly in case of growing the single crystals of a solid solution state. 

In the present invention, from the viewpoints of controllability and mass production property of the growing appa- 
40 ratus. a pulling rate of 20-300 mm/hr is more preferable, and a pulling rate of 50-200 mm/hr is particularly preferable. 
If the pulling rate is 20 mnn/hr or more, the mass production property of the oxide-series single crystal becomes no- 
ticeably good, and oxide-series single crystals having a particularly good crystalline property can stably be produced 
by adopting a pulling rate of not more than 200 mm/hr. 

45 Preferred Embodiments of the Invention 

Hereinafter, the present invention will be explained with reference to preferred embodiments. 
In the present invention, preferably the pulling rale of the oxide-series single crystal is so controlled that the com- 
position of the oxide-series single crystal becomes homogeneous in the growing direction of the single crystal. As 
50 described above, with the proceeding of growing of a single crystal of a solid solution state, the composition of the melt 
in the crucible changes, so that the composition of the grown single crystal changes also. Therefore, the composition 
of the single crystal can be maintained constant by decreasing the pulling rate accompanying with the proceeding of 
growing of the single crystal. 

In another embodiment, variation of the composition of the grown oxide-series single crystal can be prevented by 
55 continuously or intermittently supplying in the crucible a raw material having the same composition with the target 
composition of the oxide-series single crystal accompanying with the proceeding of growing of the oxide-series single 
crystal. In this case, variation of the composition of the melt in the crucible accompanying with the proceeding of growing 
of the oxide-series single crystal can be made relatively small. Sometimes, a noticeable change of composition of the 
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oxide-series single crystal occurs when the raw material Is charged into the nnelt. In such a case, the variation of the 
composition of the oxide-series single crystal can be prevented or minimized by changing the pulling rate depending 
on the noticeable change of the composition of the oxide-series single crystal. 

Temperature gradient at the time of cooling the oxide-series single crystal after the growing of the single crystal is 

5 preferably not more than 1 .000'»C/hr. This is because occurrence of cracks in the oxide-series single crystal and de- 
terioration of the crystallinity of the single crystal caused by thermal stress were observed, when the single crystal 
drawn from the growing furnace was rapidly exposed to an atmosphere of around room temperature. Therefore, as 
regard an annealing furnace which is attached to the lower portion of the growing furnace, a longer annealing furnace 
is required for a larger growing rate, so that prevention of a rapid cooling of a cooling rate of exceeding 1 ,000°C/hr is 

10 preferred. More preferably the quality of the single crystal can be maintained by obtaining the single crystal under a 
gradual annealing of a low cooling rate of 1 00-400** C/hr. 

Particularly effective in the present invention is to irradiate the oxide-series single crystal with a laser beann light, 
measure an output light beam emitted from the single crystal, and change the pulling down rate depending on the 
measured value. This is because, by so doing, a change of composition of the single crystal can be analyzed at real 

15 time and the analyzed change can be fed back instantly to the pulling rate. 

In this embodiment, an oxide-series single crystal for a solid laser may be used as the oxide-series single crystal, 
the oxide-series single crystal may be irradiated with the laser beam light to convert the wavelength of the laser beam 
light and the wavelength-converted light beam may be analyzed. If the oxide-series single crystal has a second mar- 
monic generation effect similarly as the abovementioned KLN single crystal, such an oxide-series single crystal may 

20 be irradiated with a laser beam light, and a light beam of second harmonic generation wave emitted from the single 
crystal may be analyzed. 

Explained in more detail, shifting of the peak wavelength of the output light beam emitted from the oxide-series 
single crystal to the longer or shorter wavelength side indicates that the composition of the single crystal changed. 
Therefore, components ratio in the composition of the raw material is changed so as to decrease the shifting of the 

25 peak wavelength. By so doing, the composition of the single crystal can be maintained within a constant range, while 
pulling the single crystal fiber, etc. from the melt of the raw material. 

As the oxide-series single crystals having the second harmonic generation effect, oxide-series single crystals, 
such as KLN. KLTN. KN and the like which generates a blue light beam by SHG, and oxide-series single crystals, such 
as CLBO BBO, LBO and the like which generates a ultraviolet light beam, are preferred. It should be noted that the 

30 present invention is practicable even at the third harmonic generation, the fourth harmonic generation, and a higher 
degree of wavelength conversion. As the oxide-series single crystal of a solid solution state which can be grown by 
the present invention. KLN. KLTN. Ba^.^Sr^NBsOg or the like tungsten bronze structure or Mn-Zn ferrite maybe recited 

for example. « + 

Particularly preferable is to irradiate the oxide-series single crystal having the second harmonic generation effect 
35 with a laser beam light, and analyze a light beam of second harmonic generation wave emitted from the single crystal. 

When the laser beam light to be irradiated on the oxide-series single crystal has a wavelength range including a 
wavelength corresponding to a target composition, intensity of respective wavelength within a desired wavelength 
range can be analyzed by analyzing the output light beam emitted from the single crystal with the aid of a spectrum 

analyzer. ^- . + 

40 More concretely explaining with reference to Fig. 6. assuming that the output light beam corresponding to a target 

composition has a wavelength Xq. and the laser beam light includes light beams ranging between wavelengths A., and 
^2 Intensity of the laser beam lights having a wavelength between the wavelength and the wavelength is analyzed 
by a spectrum analyzer. If the oxide-series single crystal pulled down from the drawing hole of the crucible has a target 
composition, the laser beam light has a maximum intensity T at the wavelength X^- However, with the proceeding of 

45 the production of the single crystal, the thermal state and the influence of gravity force, etc.. at the vicinity of the drawing 
hole of the oxide-series single crystal are subtly changed to slightly shift the peak wavelength toward the wavelength 
or X^. Accompanying thereto the whole of curve H is slightly shifted in a direction as shown by the arrow F or G in 
Fig 6 If the composition of the mell changes, the peak wavelength is noticeably removed. 

Therefore, in the process of pulling downwardly the oxide-series single crystal, if the peak wavelength of the output 

50 light beam change, the change of the peak wavelength can immediately be analyzed and the analyzed value can be 
fed back to the driving device for pulling the single crystal and if desired to the supplying device for the raw material. 

If the light-receiving device or analyzer is a device like a photodiode which cannot analyze distribution of the 
wavelength of the components of the output light beam, the intensities of the respective wavelength of the output light 
beam cannot directly be analyzed. Therefore, a preferable monitoring method in such a case will be explained below 

55 with reference to Fig. 7. 

A wavelength of an output light beam corresponding to a target composition is assumed. If the oxide-series 
single crystal pulled down from the drawing hole of the crucible has a target composition, the laser beam light has a 
maximum intensity T at the wavelength X^. With the proceeding of the production of the single crystal, the peak wave- 
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length Xq is shifted as described above to a wavelength or X^. Accompanying thereto the whole of curve H is removed 
to rightward or leftward to become a curve I or J. 

The whole shape of the curve H has usually a very small inclination in the vicinity of the peak wavelength Xq. 
Therefore, if the peak wavelength is slightly shifted, the change of the output light beam intensity is further very small, 

5 so that analysis of the change of composition is practically difficult. 

Thus, a first laser beam light having a wavelength 2Xy larger than a wavelength 2^0 a second laser beam light 
having a wavelength 2Xq smaller than the wavelength 2Xq are irradiated on the oxide-series single crystal, and a light 
beam-receiving device was arranged which measure the intensity of the output light beams emitted from the single 
crystal corresponding to the respective laser beam light. Intensity of the output light beams corresponding to the first 

10 laser beam, and intensity of the output light beam corresponding to the second laser beam, were analyzed. 

As a result, when the oxide-series single crystal pulled downwardly from the drawing hole of the crucible has a 
target composition, the intensity of the output light beam at the wavelength X^ becomes Pq. and the intensity at the 
wavelength Xj becomes Po- Accompanying with the proceeding of the production of the single crystal, if the peak 
wavelength Xq is shifted to X^. the curve H is removed rightward to become a graph I. At that time, the intensity at the 

15 wavelength Xq becomes Pi which is a decreased value and smaller than pQ. Meanwhile, the intensity at the wavelength 
Xy becomes qi which is an increased value and larger than Qq. In contrast, if the peak wavelength Xq is shifted to X4, 
the curve H is removed leftward to become a graph J. At that time, the intensity at the wavelength Xq becomes P2 
which is an increased value and larger than Po- Meanwhile, the intensity at the wavelength Xq becomes p2 which is a 
decreased value and smaller than q^. 

20 In this way, the increase of the intensity and the decrease of the intensity of the output light beam appear as a pair 

at the both side of the peak wavelength, so that extremely good sensitivity to the change of composition can be attained. 
In addition, particularly by selectively adopting a wavelength for measuring at the outer (shorter or longer) wavelength 
side of the peak wavelengths ^4 and X^ while avoiding the vicinity of the peak wavelength 7^, X^ and ^5. the sensitivity 
can further be improved from this viewpoint also. 

25 In tho above method, the first laser beam light and the second laser beam light may be irradiated on the single 

crystal simultaneously Alternatively, a respective laser beam light of two types of wavelength may be sequentially 
irradiated on the single crystal at a determined time interval by using a wave length -variable laser. 

Hereinafter, the present invention will be explained further with reference to preferred embodiments. The inventors 
have made studies on enlarging the crucible for receiving the melt of the material of the oxide-series single crystal in 

30 order to establish a mass production technique of the single crystal by means of pulling down method. During the 
process, the inventors made a test of adopting a larger size of crucible, providing a lower extending nozzle portion on 
the crucible, arranging a single crystal growing portion at the lowermost opening end of the nozzle portion, and inde- 
pendently controlling the temperatures of the crucible and the single crystal growing portion. 

As a result, the inventors have found out that the oxide-series single crystal can easily be pulled downwardly 

35 continuously even when the amount of the raw material powder to be melted in the crucible is a large amount of at 
least 5 g and a large crucible of a large capacity corresponding to the large amount of the material powder is used. 

The reason why such splendid function and effect were obtained is considered presumably due to that the single 
crystal growing portion becomes difficult to directly be influenced by the heat amount generated by the melt in the 
crucible by virtue of providing the single crystal growing portion at the lower opening end of the nozzle portion, and 

40 that the temperature gradient in the vicinity of the single crystal growing portion can be made large by the independent 
temperature control of the crucible and the single crystal growing portion or the nozzle portion. 

Moreover, the inventors have discovered that, according to this method, even when the amount of the raw material 
powder to be melted in the crucible is increased to around 30-50 9, variation of the composition of the grown KLN 
single crystal fiber can be reduced to a surprisingly high precision of not more than only 0.01 mol%. Therefore, by 

45 combining such a method and the present invention, the oxide-series single crystals of such a very high precision can 
be mass produced. • 

The inventors have made further studies on the state of the melt and physical properties of the single crystal at 
the single crystal growing portion by using the aforedescribed producing apparatus. As a result, the inventors have 
found out that a good oxide-series single crystal of an extremely low variation of composition can continuously be 

so pulled down, when the surface tension is dominant than gravity force in the environment of the single crystal growing 
portion. This is considered due to formation of a good interface between the solid phase and the liquid phase in such 
a case. 

As explained before, in order to form a condition that the surface tension is more dominant than the gravity force 
in the single crystal growing portion, provision of a mechanism of decreasing the gravity force acting on the melt in the 
55 crucible of the nozzle portion is effective. The inventors made studies on such a mechanism to find out that such a 
condition that the surface tension is more dominant than the gravity force acting on the melt can be produced in the 
nozzle portion to form a uniform meniscus at the lowermost opening end of the nozzle portion, particularly by using 
the nozzle portion having an inner diameter of not more than 0.5 mm. 
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However, if the nozzle portion has an inner diameter of less than 0.01 mm, the growing rate of the single crystal 
becomes too small Therefore, from the view point of mass production the nozzle portion has preferably an inner 
diameter of at least 0.01 mm. Most optimum inner diameter of the nozzle portion is in a range of 0.01-0.5 mm and 
slightly vanes in the range depending on viscosity, surface tension and specific gravity of the melt and growing rate of 
5 the single crystal etc 

The inventors made further studies on this point to obtain the following finding. Namely, according to the conven- 
tional M pulling down method, a small size of crucible was used, so that a single crystal fiber could be pulled downwardly 
continuousiy and this is considered presumably due to a small amount of melt in the crucible and the melt was adhered 
on the inner wall surface of the crucible by its surface tension so that a somewhat uniform interface between the solid 

10 phase and the liquid phase was formed, while the condition that the surface tension is more dominant than the gravity 
force in the viciniiy of the drawing hole was lost by increasing the size of crucible. 

Furthermore according to this method, the temperature gradient in the single crystal growing portion and in the 
vicinity thereof viewed in the length direction of the nozzle portion can easily be made large. By so doing, the melt 
flowed dov\*n tn the nozzle portion can rapidly be cooled. 

15 When the raw matcnal is supplied to the melt in the crucible, the thermal state of the melt in the crucible is changed 

by the heat of dissolution of the supplied raw material to change the composition, etc., of the grown single crystal. 
However, by the provision ot the nozzle portion below the crucible as described above, the raw material can continuously 
or intermittently bo supplied to the melt in the crucible, because even when the aforedescribed thermal change occurs 
in the melt tn the crucible, thermal influence on the single crystal growing portion is small and the single crystal growing 

20 portion is more hardly influenced by the thermal change because it is not in an equilibrium state but in a kinetic state. 

In the piesent invention, the method for heating the crucible is not specifically limited. However, preferably a heating 
furnace is provided so as to surround the single crystal producing apparatus. At that time, preferably the heating furnace 
is divided into an upper furnace and a lower furnace, the crucible is surrounded by the upper furnace and the upper 
furnace is heat generated to a relatively high temperature to assist the melting of the raw material powder in the crucible. 

25 On the other hand, preferably the lower furnace is arranged around the nozzle portion and the lower furnace is heat 
generated to a relatively lower temperature so as to make the temperature gradient large in the single crystal growing 
portion at the lowermost opening end of the nozzle portion. 

tn addition, in order to improve the melting efficiency of the raw material powder in the crucible, preferably the 
crucible itself is made of an electrically conductive material and heat generated by supplying electric power thereto. 

30 instead of heating the crucible exclusively by the outer heating furnace In addition, in order to maintain the molten 
state of the melt flowing in the nozzle portion, preferably the nozzle portion is made of an electrically conductive material 
and heat generated by supplying electric power thereto. 

As such an electrically conductive material, platinum, platinum-gold alloys, platinum-rhodium alloys, platinum- 
iridium alloys, and iridium are preferred particularly from the aspect of corrosion-resistant property 

35 The present invention is satisfactorily applicable not only to the production of oxide-series single crystal fibers, but 

also to the production of planar or plate shaped single crystal. Concrete method of producing single crystal plate will 
be explained later. 

KLN single crystals have recently attracted attentions as optical materials, particularly as the single crystal for a 
blue second harmonic generation (SHG) elements for use with a semiconductor laser. Because it can generate an 
40 ultraviolet ray until the region of 390 nm. it can be applied over a wide range of use including optical disc memory use, 
medical use. photochemical use. and various optical measuremental uses, etc. In addition, KLN single crystals have 
large opto-electrical effects, so that they are applicable also to optical memory elements and the like using the pho- 
torefractive effects. 

Fig. 8 is a schematic block diagram of an embodiment of the producing apparatus according to the present inven- 
45 tion. In the producing apparatus, a heater 22A is arranged in the upper furnace 20 and a heater 228 is arranged in the 
lower furnace 21 . Temperature measuring devices preferably thermocouples 5A, 5B, 5C 5D, 5E are arranged at desired 
portions of the upper and lower furnaces 20. 21. The respective temperature measuring device is connected to a 
controlling device through communicating wires. The crucible 11 is arranged in an inner space 1 0 of the upper furnace 
20 and an oxide series single crystal is pulled down from a lower nozzle of the crucible 11 to an inner space 18 of the 
50 lower furnace 21. Preferable embodiment of these portions will concretely be described later. The raw material sup- 
plying device 1 9 is arranged above the upper furnace 20 with the supplying hole 1 9a opening toward the upper surface 
of the crucible 11. The raw material supplying device 19 is also connected to the controlling device 9. 

A camera 6 for taking a photograph of a single crystal 1 2 is arranged below the lower furnace 21 and the camera 
6 is connected to a monitor 7. A driving device 23 schematically shown as a block is arranged below the camera 6, 
55 and an analyzing device 13 for analyzing the composition of the single crystal and a cutter device 14 are arranged 
below the driving device 23. The driving device 23. the analyzing device 13 and the cutter 14 are connected to the 
controlling device 9. Pulling rate by means of the driving device 23 is precisely controlled by the controlling device 9. 
Reference numeral 16 is a cutting point, and reference numeral 50 is a single crystal product having a desired shape 
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and size obtained by the cutting. 

A transferring device is arranged below the cutting point to receive and transfer the single crystal product 50. The 
controlling device 9 is constructed so as to be monitored and controlled by a terminal device 8. 

Fig. 9 is a schematic cross-sectional view of an embodiment of the single crystal producing apparatus according 

5 to the present invention, and Figs. 10a. 10b are schematic cross-sectional views respectively illustrating the state of 
the lowermost opening end of the nozzle portion thereof. 

The crucible 1 1 is arranged in the interior of the furnace body. The upper furnace 20 is arranged so as to surround 
the crucible 11 and its upper space 10, and the heater 22 A is embedded within the upper furnace 20. The nozzle portion 
29 is extending downwardly from the lower end portion of the crucible 11 and the nozzle portion 29 has an opening 

10 29a at its lower end. The lower furnace 21 is arranged so as to surround the nozzle portion 29 and its surrounding 
space 13. and the heater 22B is embedded in the lower furnace 21 . The shape itself of such heating furnaces can be 
varied variously. For example, though the heating furnace is shown divided into two zones in Fig. 9. it may be divided 
into at least three zones. The crucible 11 and the nozzle portion 29 are respectively made of a corrosion resistant 
electrically conductive material. 

15 An electrode of an electric power source 36A is connected to the crucible 11 at a portion A through an electric 

wire, and the other electrode of the power source 36 is connected to a lower bent portion B of the crucible 11 through 
an electric wire. An electrode of an electric power source 368 is connected to a portion C of the nozzle portion 29 
through an electric wire, and the other electrode of the power source 368 is electrically connected to a lower end D of 
the nozzle portion 29. These electric power supplying mechanisms are separated from each other and constructed to 

20 independently control their voltages. 

An after heater 28 is arranged in the space 18 so as to surround the nozzle portion 29 with a spacing therefrom. 
An inlet pipe 27 is provided in the crucible 11 so as to extend upwardly with an inlet hole 26 at the upper end which is 
protruded slightly from the bottom of the crucible 11. 

Temperature distributions in the spaces 10. 18 are properly determined by heat generating the upper furnace 20. 

25 the lower furnace 21 and the after heater 28, a raw material for the melt is supplied in the crucible 11 . and the crucible 
11 and the nozzle portion 29 are heat generated by supplying electric power thereto. At such a state, in a single crystal 
growing portion 30 existing at the lower end of the nozzle portion 30. the melt 24 is slightly protruding from the lower 
opening 29a and held thereat by its surface tension to form a relatively flat surface 37, as shown by Fig. 10a. 

The gravity force acting on the melt 24 in the nozzle portion 29 is largely decreased by the contact of the melt 29 

30 with the inner wall surface of the nozzle portion 29. Particularly, by using the nozzle portion 29 of an inner diameter of 
not more than 0.5 mm. the afo red escribed uniform interface between the solid phase and the liquid phase could be 
formed. 

At this state, a seed crystal 15 is moved upwardly as shown by the arrow E in Fig. 10a to cause an upper end 
surface 15a thereof to contact with the surface 37. Then, the seed crystal 15 is pulled downwardly as shown by Fig. 
35 10b. At that time, a uniform meniscus 38 is formed between the upper end of the seed crystal 1 5 and the lower end of 
the melt 24 which is pulled downwardly from the nozzle portion 29. 

As a result, a single crystal 12 is continuously formed on the upper side of the seed crystal and pulled downwardly, 
as shown in Fig. 9. In this embodiment, the single crystal 12 is fed by rollers 13 which functions as a driving device. 
On the other hand, when an increased amount of the raw material powder was supplied in a conventional crucible. 
40 a downwardly expanded portion of the melt is formed at the drawing hole of the crucible 11 . If the lower end surface 
1 5a of the seed crystal 1 5 is contacted with the melt at this state, a good and uniform meniscus cannot be formed. 

The single crystal 12 is continuously pulled downwardly and then irradiated in the analyzing device 23 by a laser 
beam light of a wavelength of around 2X^ from a laser beam source 31 as shown by the arrow R in Fig. 9. and the 
output light beam S of a wavelength ol around the second harmonic generation Xq emitted from the single crystal 12 
45 is received by a light beam-receiving device 35C through a long wavelength cut filter 34 to detect its intensity. Light 
beams split from the laser beam source 31 are irradiated to light beam-receiving devices 35A. 35B for emitting signals 
therefrom. Signals from the light beam-receiving devices 35A, 35B, 35C are transmitted to the controlling device 9 and 
treated therein. By controlling the pulling rale of the single crystal by the driving device and controlling the components 
ratio of the raw material to be charged in the crucible 11 from an upper raw material supplying device 19 with the aid 
50 of the treatment in the device 9. a feed back controlling is effected to offset the variation of the composition of the oxide- 
series single crystal. 

Next, a preferred embodiment of concrete shape of the nozzle portion for producing a single crystal ptate will be 
explained. A plural rows of elongated fine grooves 43 are formed in a flat plate 42 so as to be parallel to each other, 
as shown in Fig. 11a. The fiat plates 42 are adhered to each other to form a planar shaped nozzle portion 45 and a 
55 plural rows of passage holes 44 formed in the nozzle portion 45. as shown in Fig. lib. Reference numeral 46 is a seam 
of the flat sheets 42. 

The nozzle portion 45 is joined to the bottom portion of a substantially rectangular crucible 47. as shown in Fig. 
11c. The melt in the crucible 47 flows down through the passages 44 and flows out from the lower end opening thereof. 
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At that time, each melt flowed out from the respective passage 44 becomes integral and flows on the bottom surface 
45a of the nozzle portion 45 to become a solid phase at immediate below the bottom surface 45a thereby to allow a 
plate shaped single crystal 48 to be pulled downwardly of the nozzle portion 45. In this way. a nozzle portion of a small 
inner diameter for forming a single crystal plate can easily be produced. 
5 Hereinafter, the present invention will be explained with reference to producing examples using concrete experi- 

mental results. 



Example 1 

10 Structure of the furnace body portion of the single crystal growing furnace 

A KLN single crystal was grown using a growing device of a structure as shown in Figs. 8 and 9. A raw material 
powder was prepared by mixing potassium carbonate, lithium carbonate and niobium oxide In a molar ration of 30:20: 
50, and about 300 g of the raw material powder was put in a platinum crucible. The furnace body portion of the single 

15 crystal growing furnace has the upper furnace and lower furnaces which control the temperature of the entire furnace 
as described above, and the portions of supplying electric power to the nozzle portion and the after heater for controlling 
the temperature gradient around the growing point of the single crystal. 

The upper furnace portion was adjusted to a temperature of 1 ,100-1 ,200*»C to melt the raw material powder in the 
platinum crucible. The lower furnace portion was controlled to a uniform temperature of 500-1 .000°C. In addition, the 

20 temperature of the single crystal growing point was optimized by supplying electric power to the nozzle portion of the 
crucible and the after heater to perform the growing of the single crystal. The growing condition was controlled so that 
a good single crystal can be grown. That is. the growing point was controlled to a temperature of 1,050-1 .150°C and 
a temperature gradient of 10-50°C/mm to perform the growing of the single crystal. 

25 Start of growing 

A driving device comprising a mechanism portion for holding and moving the seed single crystal, and a mechanism 
portion for holding and moving the grown oxide-series single crystal by means of rollers, was used, as the mechanism 
of moving the single crystals. 

30 As the cutter device, a mechanism was mounted of locally heating and melting the single crystal by a carbon 

dioxide gas laser beam. The driving mechanism for pulling downwardly the single crystal was constructed to have a 
uniform pulling rate of 2-300 mm/hr viewed in the vertical direction. As the transferring device, belt conveyor for trans- 
ferring the oxide-series single crystal was used. 

At the time of seeding, the seed crystal was contacted to the substantially flat lower surface of the melt at the lower 

35 end of the nozzle portion to obtain an optimum meniscus state, and the single crystal was grown at a constant rate of 
80 mm/ hr. When the thus grown single crystal having a cross-section of a size of 1 mm x 1 mm reached to a length 
of about 200 mm, the single crystal was held at the both sides by rollers for continuous transferring and the transferred. 



40 



Control at the time of growing 



With the proceeding of the growth of the single crystal, a KLN single crystal of a niobium content of 53 mol7o was 
grown, so that the niobium content of the melt in the crucible was gradually decreased from 50 mol% to 49.5 mol% 
and then to 49.0 mol%. Therefor, the abovementioned analyzing device was used and a titanium sapphire laser beam 
or a semiconductor laser beam was used to monitor the phase matching wavelength of the output light beam emitted 
45 from the KLN single crystal, and the pulling rate was gradually decreased from 80 mm/hr to 65 mm/hr and then to 50 
mm/hr. As a result, about 100 strings of KLN single crystal fiber could be produced in 10 days. 

Measurement of properties as SHG element 

50 All the thus grown KLN single crystal fibers were measured the wavelength of second harmonic generation. As a 

result, the phase matching wavelength was found to exist within a range of ± 0.2 nm for a target wavelength of 870 
nm. The output light beam transforming efficiency was found to be substantially the same with the theoretical value, 
and the variation of the output light beam was within a± 1% or less, which is smaller than detectable limit 

55 
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Example 2 

Structure of the furnace body portion of the single crystal growing portion 

5 A KLN single crystal was grown using a growing device of a structure as shown in Figs. 8 and 9. A raw material 

powder was prepared by mixing potassium carbonate, lithium carbonate and niobium oxide in a molar ration of 30:20: 
50, and about 2000 g ot the raw material powder was put in a platinum crucible. A device for supplying the raw material 
powder was arranged above the crucible, and a structure was adopted of controlling the supply of the raw material 
powder with the aid of a signal expressing a temperature change and emitted from a thermocouple arranged to contact 

10 with the melt surface. The crucible has the shape shown in Figs. 11a-11c. 

The furnace body portion of the single crystal growing furnace has the upper and lower furnaces which control the 
temperature of the entire furnace as described above, and the portions of supplying electric power to the nozzle portion 
and the after heater for controlling the temperature gradient in the vicinity of the growing point of the single crystal. 
The upper furnace portion was adjusted to a temperature of 1 .100-1 ,200*^0 to melt the raw material powder in the 

15 platinum crucible. The lower furnace portion was controlled to a uniform temperature of 500-1, 000°C. In addition, the 
temperature of the single crystal growing point was optimized by supplying electric power to the nozzle portion of the 
crucible and the after heater to perform the growing of the single crystal. The growing condition was controlled so that 
a good single crystal can be grown. That is. the growing point was controlled to a temperature of 1 ,050-1 ,150*C and 
a temperature gradient of 10-50*'C/mm to perform the growing of the single crystal. 

20 

Start of growing 

A driving device comprising a mechanism portion for holding and moving the seed single crystal, and a mechanism 
portion for holding and moving the grown oxide-series single crystal by means of rollers, was used, as the mechanism 

25 of moving the single crystals. 

As the cutter device, a mechanism was mounted of locally heating and melting the single crystal by a carbon 
dioxide gas laser beam. The driving mechanism for pulling downwardly the single crystal was constructed to have a 
uniform pulling rate of 2-300 mm/hr viewed in the vertical direction. As the transferring device, belt conveyor for.trans- 
ferring the oxide-series single crystal was used. 

30 At the time of seeding, the seed crystal was contacted to the substantially flat lower surface of the melt at the lower 

end of the nozzle portion to obtain an optimum meniscus state, and the single crystal was grown at a constant rate of 
80 mm/ hr. When the thus grown single crystal having a cross-section of a size of 50 mm x 1 mm reached to a length 
of about 200 mm. the single crystal was held at the both sides by rollers for continuous transferring and the transferred. 
Also, a monitor was arranged which monitors and detects the thickness of the single crystal plate by means of a 

35 semiconductor laser beam light. 

Control at the time of growing 

With the proceeding of the growing of the single crystal, the melt in the crucible is gradually consumed as the 
40 single crystal plate, so that the weight of the melt is gradually decreased. With the decrease of the amount of the melt, 
the position or level of the surface of the melt changes usually. However, the change of the melt surface was detected 
by a thermocouple, and the raw material powder was supplied to the crucible so that the weight of the raw material in 
the crucible could be maintained within a constant range. Though the change of the amount of the melt in the crucible 
was detected by the thermocouple in this example, a total weight of the melt including the crucible may be detected 
45 by a load cell, and the raw material powder may intermittently be supplied to the crucible so that the variation. of the 
total weight becomes within a range of ± 1 g. The raw material powder had a same composition with the composition 
of a grown single crystal of a niobium content of 53 mol%. 

The aforedescribed detecting device was used and a titanium sapphire laser beam light was used to measure the 
phase matching wavelength of the output light beam emitted from the KLN single crystal with a precision of 0.05 nm 
50 by a photospectrum analyzer. The thus measured results was fed back to the pulling rate by using the controlling device • 
computer. The controlling of the pulling rate changes depending on a time lag between the time of supplying the raw 
material powder and the time of complete melting of the raw material powder, factors resulting from evaporation, etc. 
of the raw material and other factors, such as shape of the crucible, and was substantially within a range of about 80 
± 3 mm/hr. 

55 The KLN single crystal plate was grown at a rate of 50 mm per about 40 min., so that it was cut to an every grown 

length of 50 mm by means of a carbon dioxide laser beam to continuously grow the single crystal plate of a size of 50 
mm X 50 mm X 1 mm. By continuously operating for 10 days, 400 sheets of single crystal plates were produced. 
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Measurement of properties as SHG element 

All the thus grown KLN single crystal plates were measured on wavelength as the SHG element. As a result, the 
phase matching wavelength was found to exist within a range of variation of + 0.2 nm for a target wavelength of 870 
nm at every point within the single crystal plate and in any of the plates. The output light beam transforming efficiency 
was found to be substantially the same with the theoretical value, and the variation of the output light beam was within 
+ 1% or less, which is smaller than detectable limit. 

Comparative Example 1 

The operation of Example 1 was repeated using the same apparatus as that of Example 1 . except that the analyzing 
device for analyzing the SHG phase matching wavelength was not used and the single crystal fiber was continuously 
grown at a constant rate of 80 mm/hr.- Though a single crystal of a phase matching wavelength of 870 nm was obtained 
initially the phase matching wavelength was shifted with the elapse of time, and finally the niobium content in the melt 
in the crucible approached near 49 mol% and the phase matching wavelength was changed to around 840 nm. 

Comparative Example 2 

The operation of Example 2 was repeated using the same apparatus as that of Example 2 to prepare single crystal 
plales excepl lhal the analyzing device lor analyzing the SHG phase matching wavelength was not used and the 
single crystal was continuously grown at a constant rate of 80 mm/hr. As a result, even though the supply of the raw 
material powder was controlled as precisely as possible, the phase matching wavelength was vaned within a range of 
870 ± 5 nm for the sake of the factors as described above. 

Example 3 

The operation of Example 1 was repeated to grow a KLN single crystal, except that the melt composition and the 
pulling rate of the single ciystal fiber were changed as shown in Table 1 . As a result, the phase matching wavelength 
was varied as shown in Table 1 and as described above. 

As explained in detail in the fdregoings, when growing oxide-series single crystals by u pulling down method, the 
composition of the single crystals can properly and quickly be controlled to continuously grow the single crystal of a 
constant composition "according to the present invention. 

Although the present invention has been explained with specific examples and numerical values, it is of course 
apparent to those skilled in the art that various changes and modifications thereof are possible without departing from 
the present invention. 



Claims 



1 A method for producing an oxide-series single crystal including a step of continuously pulling downwardly a melt 
of raw material of an oxide-series single crystal from a crucible containing the melt by the n pulling down method, 
and changing the pulling rate of the oxide-series single crystal to control the composition of the single crystal. 

2. The method of claim 1 , wherein the pulling rate of the oxide-series single crystal is changed in a range of 20-300 



mm/hr 



3. The method of claim 1 or 2, wherein the pulling rate is so controlled that the composition of the single crystals 
becomes homogeneous in its growing direction. 

4. The method of any one of claims 1-3, wherein the pulling rate is decreased with the proceeding of growing of the 
single crystal. 

S The method of any one of claims 1 -3, wherein variation of composition of the grown single crystal is prevented by 
continuously or intermittently supplying a raw material of a same composition with the target composition of the 
single crystal with the proceeding of growing of the single crystal. 

e The method of any one of claims 1-5, wherein a laser beam light is irradiated on the oxide-series single crystal, 
the output light beam emitted from the single crystal is measured, and the pulling rate is changed based on the 
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measured value. 

7. The method of claim 6. wherein the oxide-series single crystal is an oxide-series single crystal for a solid laser 
beam, a laser beam light is irradiated on the oxide-series single crystal, and the output light beam having a con- 
verted wavelength emitted from the single crystal is analyzed. 

8. The method of claim 6, wherein the oxide-series single crystal has the second harmonic generation effect, a laser 
beam light is irradiated on the single crystal, and a second harmonic generation wave corresponding to the laser 
beam light emitted from the single crystal is analyzed. 

9. An apparatus for continuously producing an oxide-series single crystal by the pulling down method, comprising 
a crucible for receiving a melt of raw material of an oxide-series single crystal, a supplying device for supplying 
the raw materials in the crucible, a driving device for variably changing the pulling rate of the melt from the crucible 
to form the oxide-series single crystal and growing the single crystal, an analyzing device for analyzing a change 
of composition of the oxide-series single crystal under growing, and a treating device for changing the pulling rate 
of the single crystal by the driving device depending on the analyzed change of composition of the single crystal. 
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FIG. 3 
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FIG. 4 
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FIG. 5 
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